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We report a systematic study of the magnetic field sensitivity of a magnetic sensor consisting of
a single Nitrogen-Vacancy (NV) defect in diamond, by using continuous optically detected electron
spin resonance (ESR) spectroscopy. We first investigate the behavior of the ESR contrast and
linewidth as a function of the microwave and optical pumping power. The experimental results are
in good agreement with a simplified model of the NV defect spin dynamics, leading to an optimized
sensitivity around 2µT/
√
Hz for a single NV defect in a high purity CVD-grown diamond crystal.
We then demonstrate an enhancement of the magnetic sensitivity by one order of magnitude by
using a simple pulsed-ESR scheme. This technique is based on repetitive excitation of the NV
defect with a resonant microwave pi-pulse followed by an optimized read-out laser pulse, allowing to
fully eliminate power broadening of the ESR linewidth. The achieved sensitivity is similar to the
one obtained by using Ramsey-type sequences, which is the optimal magnetic field sensitivity for
the detection of a DC magnetic field.
PACS numbers: 76.30.Mi, 78.55.Qr, 81.05.ug
I. INTRODUCTION
Among many studied optically-active defects in dia-
mond1, the negatively-charged Nitrogen-Vacancy (NV)
color center has attracted a lot of interest during the past
years owing to its unprecedented optical and spin prop-
erties at room temperature2. The NV defect electron
spin can be initialized, coherently manipulated with long
coherence time3,4 and read-out by pure optical means
through its perfectly photostable spin-dependent photo-
luminescence (PL). Such properties are the cornerstone
of a wide range of emerging technologies, from imaging
in life science5, to quantum information processing6–11
and high resolution sensing of magnetic12–17 and electric
fields18.
For magnetometry applications, the principle of the
measurement is similar to the one used in optical mag-
netometers based on the precession of spin-polarized
atomic gases19,20. The applied magnetic field is evaluated
through the detection of Zeeman shifts of the NV defect
spin sublevels. The associated magnetic field sensitiv-
ity has been thoroughly analyzed both theoretically21,22
and experimentally, by using either Ramsey-type pulse
sequences for the detection of a DC magnetic field4, or
dynamical decoupling sequences for AC magnetic field
sensing13,23,24.
Although ultrahigh sensitivity can be achieved using
multi-pulse sensing sequences, the simplest way to mea-
sure an external DC magnetic field with a single NV de-
fect remains the direct evaluation of the Zeeman splitting
in an optically detected electron spin resonance (ESR)
spectrum. In this paper, we focus on that simple case.
By using a simplified model of the NV defect spin dynam-
ics, we first investigate how the magnetic field sensitivity
evolves with the microwave power and the optical pump-
ing power, respectively used for spin rotations and spin
polarization in continuous optically detected ESR spec-
troscopy. We then demonstrate a pulsed-ESR method
which allows to fully eliminate power broadening of the
ESR linewidth25. This technique uses repetitive excita-
tion of the NV defect with a resonant microwave pi-pulse
followed by an optimized read-out laser pulse, and leads
to an enhancement of the magnetic sensitivity by one
order of magnitude. The achieved sensitivity is similar
to the one obtained with Ramsey-type sequences, which
corresponds to the optimal magnetic field sensitivity for
the detection of a DC magnetic field.
II. MAGNETIC FIELD SENSITIVITY USING
CONTINUOUS ESR SPECTROSCOPY
A. The NV defect in diamond as a magnetic sensor
The negatively-charged NV defect in diamond consists
of a substitutional nitrogen atom (N) associated with a
vacancy (V) in an adjacent lattice site of the diamond
matrix. This defect exhibits an efficient and perfectly
photostable red photoluminescence (PL), which enables
optical detection of individual NV defects by confocal mi-
croscopy at room temperature26. The NV defect ground
state is a spin triplet with 3A2 symmetry, whose degen-
eracy is lifted by spin-spin interaction into a singlet state
of spin projection ms = 0 and a doublet ms = ±1,
separated by 2.87 GHz in the absence of magnetic field
(Fig. 1(a)). Spin-conserving optical transitions 3A2 →3E
combined with spin-selective intersystem-crossing (ISC)
towards an intermediate singlet state 1A1 provide a high
degree of electron spin polarization in the ms = 0 sub-
level through optical pumping27,28. Furthermore, the NV
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2defect PL intensity is significantly higher (up to ≈ 20%)
when thems = 0 state is populated. This spin-dependent
PL response enables the detection of electron spin reso-
nance (ESR) on a single defect by pure optical means26.
We investigate native NV defects in a ultra-pure
synthetic type IIa diamond crystal prepared using a
microwave assisted chemical vapor deposition (CVD)
growth (Element6). Individual NV defects are optically
addressed at room temperature using a confocal optical
microscope. A laser operating at 532 nm wavelength is
focused onto the sample through a high numerical aper-
ture oil-immersion microscope objective (Olympus, ×60,
NA=1.35). The NV defect PL is collected by the same
objective, focused onto a 50-µm-diameter pinhole and fi-
nally directed to a photon counting detection system. In
addition, a microwave field is applied through a copper
microwire directly spanned on the diamond surface and
a weak static magnetic field is applied along the NV axis
in order to lift the degeneracy of the ms = ±1 spin sub-
levels. ESR spectroscopy of single NV defects is per-
formed by sweeping the frequency of the microwave field
while monitoring the PL intensity. When the microwave
frequency is resonant with the transition between ms = 0
and one of the ms = ±1 states, spin rotation is evidenced
as a dip of the PL signal (Fig. 1(b)). Using such a spec-
trum, the NV defect can be used as a nanoscale mag-
netic sensor by measuring Zeeman shifts of the ESR line
induced by a remote magnetic field12,13.
B. Magnetic field sensitivity
The intensity I of optically detected ESR spectra as a
function of the microwave frequency νm can be written
as
I(νm) = R
[
1− CF
(
νm − ν0
∆ν
)]
, (1)
where R is the rate of detected photons, C the ESR con-
trast associated to the dip of the PL intensity, F the ESR
lineshape and ∆ν the associated linewidth (FWHM).
Any magnetic field fluctuation δB induces a shift of the
central frequency ν0 through the Zeeman effect. The
photon shotnoise of a measurement with ∆t duration
has a standard deviation
√I∆t. For low ESR contrast,
the shotnoise-limited magnetic field sensitivity ηB of this
measurement is linked to the minimum detectable mag-
netic field δBmin through the relation
17,21
ηB(T/
√
Hz) = δBmin
√
∆t ≈ h
gµB
×
√R
max| ∂I
∂ν0
|
, (2)
which reads as
ηB ≈ PF × h
gµB
× ∆νC√R . (3)
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FIG. 1: (color online). (a)-Energy-level diagram of the NV
defect as a function of the amplitude of a static magnetic field
B applied along the NV defect axis. The ground state 3A2 and
the excited state 3E are electron spin triplets. Optical tran-
sitions 3A2 →3E are spin-conserving while non-radiative ISC
to an intermediate singlet state 1A1 is strongly spin depen-
dent (blue arrows). The grey circle indicates the excited-state
level anti-crossing (LAC), achieved for a magnetic field ampli-
tude B ≈ 510 G applied along the NV axis. (b)-Typical ESR
spectrum of a single NV defect recorded with a static mag-
netic field B ≈ 20 G applied along the NV axis. Solid line
is data fitting using Lorentzian functions.(c)-The NV defect
spin dynamics is studied by considering a two-level system
in interaction with a resonant microwave field. Notations are
defined in the main text.
In this expression, PF is a numerical parameter related to
the specific profile F of the spin resonance. For a Gaus-
sian profile, PG =
√
e/8 ln 2 ≈ 0.70 whereas a Lorentzian
profile leads to PL = 4/3
√
3 ≈ 0.77.
The ESR linewidth ∆ν is fundamentally limited by
the inhomogeneous dephasing rate Γ∗2 of the NV defect
electron spin, which is determined by magnetic dipolar
interactions with a bath of spin impurities inside the dia-
mond matrix. In high purity CVD-grown diamond crys-
tal considered in this study, these impurities are essen-
tially the nuclear spins associated with carbon isotope
13C (I = 1/2, natural abundance 1%). The effect of the
nuclear-spin bath can be interpreted as a randomly fluc-
tuating magnetic field applied to the central single spin.
In the limit of a large number of bath spins, the dis-
tribution of this effective magnetic field is determined by
the central limit theorem to be Gaussian29. However, the
ESR linewidth is also affected by power broadening, both
from the continuous laser light used for spin polarization
and from the resonant microwave field used for spin ro-
tation. This results in a power broadened Lorentzian
profile of the ESR linewidth. In order to sharpen the
ESR linewidth, corresponding to an enhanced magnetic
field sensitivity, the microwave power and the laser in-
tensity need to be decreased. However, the drawback of
this simple method is a significant reduction of the ESR
contrast and of the rate R of detected photons, which
impair the magnetic field sensitivity as analysed in the
next section.
3C. Simplified model of NV defect spin dynamics
We first develop a toy model of the NV defect spin dy-
namics in order to infer the behavior of the contrast and
the linewidth of the ESR as a function of the microwave
and the optical pumping power. For that purpose, we
consider the NV defect as a simple closed two-level sys-
tem, denoted |0 〉 and |1 〉 and respectively corresponding
to the ground states with spin projection ms = 0 and
ms = −1 (Fig. 1(c)). The Hamiltonian H describing the
interaction of the system with a quasi-resonant magnetic
field oscillating at the microwave frequency ωm reads as
Hˆ = ~ω0 |1〉〈1|+ ~ΩR cos(ωmt) (|0〉〈1|+ |1〉〈0|) , (4)
where ω0 is the Bohr frequency of the spin transition
and ΩR the Rabi frequency of the magnetic dipole in-
teraction. Using the formalism of the density operator
σˆ, the evolution of the system is then described by the
Liouville equation
dσˆ
dt
=
1
i~
[
Hˆ, σˆ
]
+
{dσˆ
dt
}
relax
, (5)
where the last term describes the relaxation of the system
through its interaction with the environment. Following
nuclear magnetic resonance terminology, intrinsic relax-
ation of the populations σii occurs through spin-lattice
relaxation process with a rate Γ1, while coherences σij de-
cay with an inhomogeneous dephasing rate Γ∗2. Typical
values for a single NV defect in a high purity CVD-grown
diamond are4,30 Γ1 ≈ 103 s−1 and Γ∗2 ≈ 2× 105 s−1.
Within this simplified framework, we do not con-
sider populations neither in the excited state nor in the
metastable state. The effect of optical pumping is thus
phenomenologically introduced through an induced re-
laxation process, both for populations and coherences.
The effect of the metastable state responsible for spin
polarization is described by a relaxation process of the
population σ11 with a polarization rate Γp. Since spin-
selective ISC to the metastable state is induced by spin-
conserving optical transitions (Fig. 1(a)), the polariza-
tion rate Γp is related to the rate of optical cycles, which
follows a standard saturation behavior with the optical
pumping power Popt. Denoting Psat the saturation power
of the transition, the optically-induced polarization rate
Γp can be given by
Γp = Γ
∞
p ×
s
1 + s
, (6)
where s = Popt/Psat is the saturation parameter of the
radiative transition and Γ∞p the polarization rate at sat-
uration. This quantity is fixed by the lifetime of the
metastable state, which is on the order of 200 ns at room
temperature31, leading to Γ∞p ≈ 5× 106 s−1.
Optical pumping also leads to relaxation of the electron
spin coherences σij . Since only a few scattered photons
are enough to destroy the phase information, the relax-
ation rate of coherences induced by optical pumping can
be written as
Γc = Γ
∞
c ×
s
1 + s
, (7)
where Γ∞c is the rate of optical cycles at saturation.
This quantity is set by the excited-state radiative life-
time, which is on the order of 13 ns27, leading to Γ∞c ≈
8× 107 s−1.
By including the intrinsic (Γ1,Γ
?
2) and the optically-
induced (Γp,Γc) relaxation processes in the Liouville
equation (Eq. (5)), the steady state solutions of the sys-
tem σstii can be easily computed (see Appendix). The NV
defect PL rate can then be written as
R(ΩR, ωm, s) =
[
ασst00 + βσ
st
11
]× s
1 + s
, (8)
where the parameters α and β are phenomenologically
introduced in order to account for the difference in PL
intensity between the ms = 0 and ms = 1 spin sublevels
(α > β). Using above notations, the ESR contrast can
then be evaluated as (see Fig. 1(b))
C = R(0, 0, s)−R(ΩR, ω0, s)R(0, 0, s) , (9)
where R(0, 0, s) (resp. R(ΩR, ω0, s)) denotes the NV de-
fect PL rate without applying the microwave field (resp.
with a resonant microwave field).
The general derivation of the contrast is given in Ap-
pendix. In the following, we assume that optical pumping
is such that s > 10−2, which is usual for experiments aim-
ing at the optical detection of single NV defects. Intrinsic
relaxation processes can then be neglected, i.e. Γp  Γ1
and Γc  Γ?2, and the ESR contrast simply reads as
C = Θ× Ω
2
R
Ω2R + Γ
∞
p Γ
∞
c
(
s
1 + s
)2 (10)
where Θ = (α − β)/2α appears as an overall normaliza-
tion factor (see Appendix). The ESR contrast evolves in
opposite ways with respect to the optical pumping power
and to the amplitude of the microwave field. Indeed, for a
fixed value of the Rabi frequency ΩR, the ESR contrast
increases while decreasing the optical pumping power.
On the other hand, for a fixed saturation parameter s,
the ESR contrast drops while decreasing the Rabi fre-
quency, i.e. the microwave power.
The other important parameter taking part in the mag-
netic field sensitivity is the ESR linewidth (see eq. (3)).
Within Bloch equation formalism described above and
assuming s > 10−2, the ESR exhibits a Lorentzian pro-
file with a power-broadened linewidth ∆ν (FWHM) given
by
∆ν =
Γ∞c
2pi
×
√
(
s
1 + s
)2 +
Ω2R
Γ∞p Γ∞c
. (11)
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FIG. 2: (color online). (a) and (b)-ESR spectra recorded
for a magnetic field amplitude B = 20 G (upper traces)
and at the excited-state LAC for B ≈ 510 G applied along
the NV defect axis (bottom traces). Since the 14N nuclear
spin is fully polarized at the excited-state LAC, unambigu-
ous measurements of the contrast and linewidth of the ESR
can be obtained. Solid lines are data fitting using Lorentzian
functions. Data displayed in (a) (resp. (b)) are recorded for
s = 0.08 (resp. s = 0.3) and ΩR = 2.5 × 106 rad.s−1 (resp.
ΩR = 3.6× 106 rad.s−1).
D. Experimental results
We now check experimentally how the contrast and the
linewidth of the ESR evolve with the microwave and the
optical pumping power.
If the nitrogen atom of the NV defect is a 14N iso-
tope (99.6% abundance), corresponding to a nuclear spin
I = 1, each electron spin state is split into three sublevels
by hyperfine interaction. ESR spectra thus exhibit three
hyperfine lines, splitted by 2.16 MHz32 and correspond-
ing to the three nuclear spin projections (Fig. 2(a), top
trace). When the ESR linewidth is larger than the hyper-
fine splitting, the three lines add up leading to uncertain-
ties in the measurement of the contrast and the linewidth
of each single line (Fig. 2(b), top trace). To circum-
vent this problem, all the measurements were performed
at the excited state level anti-crossing (LAC), while ap-
plying a static magnetic field near 510 G along the NV
axis33,34 (Fig. 1(a)). In this configuration, electron-
nuclear-spin flip-flops mediated by hyperfine interaction
in the excited-state lead to an efficient polarization of
the 14N nuclear spin35–37. As a result, a single ESR line
is observed at the excited-state LAC, leading to unam-
biguous measurement of the ESR contrast and linewidth
(Fig. 2(a) and (b), bottoms traces).
These parameters were measured while changing the
saturation parameter s and the Rabi frequency ΩR
(Fig. 3(a) to (d)). The latter was independently mea-
sured by recording electron spin Rabi oscillations using
the standard pulse sequence described in Ref.3. As antic-
ipated, the ESR contrast increases while decreasing the
optical pumping power, and it lowers while decreasing
the strength of the microwave field. Measurements of
the contrast are well fitted using eq. (10), with Θ and
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FIG. 3: (color online). (a) to (d)-ESR contrast and linewidth
as a function of the Rabi frequency ΩR and the saturation
parameter s plotted in log scale. The solid lines are data
fitting using eqs. (10) and (11) as discussed in the main text.
(e),(f)- Corresponding magnetic field sensitivities plotted in
log-log scale using eq. (3). (g)-Two dimensional plot of the
magnetic field sensitivity obtained by using eqs. (3), (10), (11)
and the results of data fitting: Γ∞p = 5 × 106 s−1, Γ∞c =
8 × 107 s−1, Θ = 0.2 and R∞ = 250 × 103 counts.s−1. The
solid lines correspond to iso-magnetic field sensitivities.
Γ∞p Γ
∞
c as fitting parameters (Fig. 3(a) and (b)). On the
other hand, the ESR linewidth decreases both with the
microwave and the optical pumping power, as expected
from usual power broadening. Once again the measure-
ments are in reasonable agreement with the model as
illustrated by data fitting using eq. (11) with Γ∞p and
Γ∞c as fitting parameters (Fig. 3(c) and (d)). Although
5the simplified model of the NV defect spin dynamics
developed in this study does not allow to extract pre-
cise values of the photophysical parameters, the results
of the fits give on average Γ∞p = 6 ± 2 × 106 s−1 and
Γ∞c = 8 ± 2 × 107 s−1, which are of good order-of-
magnitude as discussed in the previous section. The two-
level toy model is thus sufficient to explain the behavior
of the ESR contrast and linewidth as a function of the
microwave and the optical pumping power.
According to eq. (3), the last parameter required to
infer the magnetic field sensitivity ηB is the rate of de-
tected photons R. This parameter follows a saturation
behavior
R = R∞ s
1 + s
, (12)
where R∞ is the rate of detected photons at saturation.
In our experimental setup, we measured R∞ = 250×103
counts.s−1 for single NV defects with a typical saturation
power Psat ≈ 250 µW (data not shown).
From this set of measurements, the magnetic field sen-
sitivity ηB was estimated using eq. (3) (Fig. 3(e) and (f)).
The results show that the sensitivity improves towards
an optimum when the microwave and the optical pump-
ing power decrease. Further lowering of these param-
eters then degrades the sensitivity because (i) the rate
of detected photons decreases with the optical pumping
power and (ii) the contrast quickly decreases with the mi-
crowave power. Using the values of Γ∞p , Γ
∞
c , Θ and R∞
previously obtained, we can finally compute a two di-
mensional plot of the magnetic field sensitivity, as shown
in Fig. 3(g). An optimal sensitivity ηB ≈ 2 µT/
√
Hz is
obtained, which corresponds to the best sensitivity that
can be achieved by using continuous optically detected
ESR spectroscopy of single NV defects in a high purity
CVD-grown diamond crystal.
III. MAGNETIC FIELD SENSITIVITY USING
PULSED-ESR SPECTROSCOPY
We now demonstrate a simple method allowing to fully
eliminate power broadening of the ESR linewidth while
preserving a high contrast, thus enhancing the magnetic
field sensitivity.
For that purpose, we first analyse the time-resolved PL
during a read-out laser pulse for a single NV defect ini-
tially prepared either in state |0 〉 by optical pumping, or
in state |1 〉 by applying an additional resonant microwave
pi-pulse (Fig. 4(a)). If the initial state is |0 〉, a high
PL signal is initially observed which decays to a steady-
state value for which some populations are trapped in the
metastable state owing to residual ISC to the metastable
state from the ms = 0 excited state (Fig. 1(a)). We note
that such processes were not taken into account in the
model discussed in the previous section. In order to pre-
dict precisely the spin dependence of time-resolved PL, a
five-level model of the NV defect has to be developed, as
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FIG. 4: (color online). (a)-Time-resolved PL response of a
single NV defect initially prepared either in the |0 〉 state (up-
per trace in red) or in the |1 〉 state (lower trace in blue).
Preparation in |0 〉 is done by optical pumping with a 2 µs
laser pulse. A subsequent resonant MW pi-pulse (50 ns) is
applied for initialization in the |1 〉 state. The time binning is
1 ns. (b)-ESR contrast C(T ) as a function of the integration
time T .
described in Refs.27,31. If the initial state is |1 〉, the time-
resolved PL signal rapidly decays to a low level owing to
fast ISC to the metastable state (Fig. 1(a)). Since the
metastable state preferentially decays to the |0 〉 state,
the low PL level then decays towards the steady-state
value within the metastable state lifetime.
We note N0(T ) (resp. N1(T )) the total number of col-
lected photons during an integration time T for a single
NV defect initially prepared in state |0 〉 (resp. |1 〉). The
effective signal used to discriminate between the differ-
ent spin sublevels is given by S(T ) = N0(T )−N1(T ). In
particular, the ESR contrast C(T ) is defined by :
C(T ) = N0(T )−N1(T )N0(T ) . (13)
Since the signal S(T ) saturates when spin populations
reach their steady-state values, the ESR contrast
decreases for an integration time longer than the
metastable state lifetime (Fig. 4(b)).
According to this result, power broadening can be
fully eliminated in ESR spectra by performing pulsed
ESR in dark condition with the simple sequence depicted
in Fig. 5(a). A microwave pi-pulse is followed by a laser
pulse used both for spin-state read-out with a high
contrast and to achieve an efficient preparation of the
NV defect in the |0 〉 state for the next microwave
pi-pulse. The duration of the read-out laser pulse was
set to TL = 300 ns and each laser pulse was followed
by a 1 µs waiting time in order to ensure the relaxation
of steady state populations trapped in the metastable
state towards the ground state |0 〉 before applying
the next microwave pi-pulse. ESR spectra were then
recorded by continuously repeating the sequence while
sweeping the pi-pulse frequency and recording the PL
intensity (Fig. 5(b)). Since spin rotations are induced in
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dark condition, power broadening from the laser is fully
cancelled and the optical power can be set above the NV
defect saturation (s > 1).
In this experiment, the ESR linewidth is given by
the Fourier transform of the product of the pi-pulse
rectangular-shaped profile of duration Tpi by the inho-
mogeneous Gaussian profile of the NV defect electron
spin, characterized by its coherence time T ∗2 . This
corresponds to the convolution of a sinc function (width
Γpi ∝ T−1pi ) with a Gaussian function (width Γ∗2 ∝ T ∗−12 ).
If Γpi  Γ∗2, each resonance of the ESR spectrum can
be fitted by sinc functions, with a power-broadened
linewidth Γ ∝ T−1pi (Fig. 5(b)). By increasing the pi-pulse
duration, the linewidth becomes sharper and reaches
the inhomogeneous linewidth Γ∗2 ≈ 2 × 105 s−1 when
Tpi ≈ T ∗2 . In this situation power broadening has been
fully cancelled in the experiment and the data can be
well fitted by a Gaussian profile. On the other hand, we
note that the ESR contrast is not significantly altered
until Tpi ≈ T ∗2 . However, if Tpi is further increased,
the linewidth remains limited by Γ∗2 while the contrast
begins to decrease (see inset in Fig. 5(c)).
In order to verify that the inhomogeneous linewidth
Γ∗2 is indeed achieved in pulsed-ESR spectroscopy,
Ramsey fringes were recorded by using the usual se-
quence consisting in two microwave pi/2-pulses separated
by a variable free evolution duration τ (Fig. 5(d))4.
Data fitting of the free induction decay (FID) signal
leads to a coherence time T ∗2 = 3.0 ± 0.2 µs of the
NV defect electron spin and its Fourier transform
spectrum exhibits a Gaussian profile with a linewidth
Γ∗2 = (2.08± 0.05) × 105 s−1, as measured using pulsed
ESR spectroscopy.
We now compare the magnetic field sensitivity of
pulsed and continuous ESR spectroscopy. For that
purpose, all the measurements were reproduced at the
excited-state LAC (Fig. 6). From a set of data includ-
ing the ESR linewidth, the contrast and the averaged
rate of detected photons R measured while running the
pulsed-ESR sequence (Fig. 6(a) to (c)), the shot-noise-
limited magnetic field sensitivity ηB was estimated as a
function of the pi-pulse duration using eq. (3). As shown
in Fig. 6(d), the sensitivity improves until an optimum
ηB ≈ 300 nT/
√
Hz when Tpi ≈ T ∗2 . Further increase
of Tpi impairs the sensitivity since the ESR contrast de-
creases significantly. Even if the rate of defected photons
is limited by the duty cycle of the laser pulses in the
ESR sequence, the magnetic field sensitivity is improved
by roughly one order of magnitude in comparison to con-
tinuous ESR spectroscopy (Fig. 6(d)). We note that this
sensitivity could be further enhanced through the condi-
tional manipulation of the nitrogen nuclear spin of the
NV defect at the excited-state LAC37.
For Tpi ≈ T ∗2 , the rate of detected photons can be ap-
proximated by R ≈ R0TL/T ∗2 , where R0 is the rate of
detected photons for a continuous laser excitation. Since
∆ν = Γ?2 =
2
√
ln 2
piT∗2
, the magnetic field sensitivity can then
be written as
ηB ≈
√
2e× ~
gµB
× 1C√R0TL
× 1√
T ∗2
. (14)
Within a numerical factor, this formula is similar to
the one obtained for the optimum sensitivity of a mag-
netometer based on a single NV defect while using a
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FIG. 6: (color online). (a)-Pulsed-ESR spectra recorded
at the excited-state LAC for different values of the pi-pulse
duration Tpi. (b)-ESR contrast as a function of Tpi. (c)-
Averaged rate of detected photons R measured while run-
ning the pulsed-ESR sequence as a function of Tpi. The solid
line is data fitting with the function R = R0 × TLTS whereR0 is the rate of detected photons for a continuous laser
excitation and TS the total duration of the pulse sequence,
including initialization, pi-pulse rotation and spin state read-
out. (d)-Corresponding magnetic field sensitivity plotted in
log-log scale using eq. (3). An enhancement by roughly one
order-of-magnitude is achieved compared to continuous (CW)
ESR spectroscopy.
Ramsey-type sequence21. Furthermore, we note that
the ESR contrast is reduced by approximately 20% for
Tpi ≈ T ∗2 (Fig. 6(b)). Such an effect also slightly degrades
the magnetic field sensitivity compared to a Ramsey type
experiment.
IV. CONCLUSION
We have reported a systematic study of the magnetic
field sensitivity of a magnetic sensor consisting of a single
NV defect in diamond, by using optically detected ESR
spectroscopy in continuous and pulsed regimes. By us-
ing a simple pulsed ESR sequence based on the repetitive
excitation of the NV defect with a resonant microwave pi-
pulse, we have shown that power broadening of the ESR
linewidth can be fully suppressed, leading to an enhance-
ment of the magnetic field sensitivity by roughly one or-
der of magnitude in comparison to continuous ESR spec-
troscopy. Apart from magnetometry applications, the
reported pulsed ESR scheme appears as a useful tool for
the study of weak hyperfine interactions of the NV defect
with nearby nuclear spins in the diamond matrix38.
Appendix
Using the notations introduced in the main text and
eq. (5), Bloch equations of the closed two-level system
shown in Fig. 1 read as :
dσ11
dt
= i
ΩR
2
[σ10 − σ01]− Γ1 [σ11 − σ00]− Γpσ11 (15)
dσ01
dt
= i [ω0 − ωm]σ01− iΩR
2
[σ11 − σ00]−Γ2σ01 , (16)
where Γ2 = Γ
?
2 + Γc. The steady state solutions of the
populations σstii are then given by
σst11 =
Γ1
2Γ1 + Γp
(
[ω0 − ωm]2 + Γ22
)
+
Γ2Ω
2
R/2
2Γ1 + Γp
[ω0 − ωm]2 + Γ22 +
Γ2Ω
2
R
2Γ1 + Γp
(17)
σst00 = 1− σst11 . (18)
When the optical pumping is switched off (Γp = 0),
σst11 = σ
st
00 = 1/2. On the other hand if the microwave
power is off (ΩR = 0), we obtain σ
st
11 = Γ1/(2Γ1 + Γp).
Consequently, if Γp  Γ1 then σst11 ≈ 0, corresponding to
the well known optically-induced polarization of the NV
defect in state |0 〉. Conversely, if the optical pumping is
such that Γp  Γ1, then σst11 = σst00 = 1/2. Intermediate
cases could be investigated by studying large ensembles
of NV defects.
Using eq. (8) and (18), the contrast reads as
C = 1
2
× (α− β)Γp
(α+ β)Γ1 + αΓp
× Ω
2
R
Ω2R + Γ2(2Γ1 + Γp)
. (19)
As expected, the contrast vanishes if (i) α = β, (ii)
when ΩR → 0 and (iii) Γp → 0.
The associated ESR linewidth ∆ν is given by
∆ν =
1
2pi
√
Γ22 +
Ω2RΓ2
2Γ1 + Γp
. (20)
By considering s > 10−2, corresponding to Γp  Γ1
and Γ2 = Γc, the ESR contrast and the linewidth are
finally given by eq. (10) and (11) of the main text. The
shot-noise limited magnetic field sensitivity can then be
inferred by using eq. (3). We note that for a fixed value
of the saturation parameter s, the Rabi frequency which
optimizes the magnetic field sensitivity is given by
ΩR =
√
2Γ∞p Γ∞c ×
s
1 + s
. (21)
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